Small RNA molecules (small RNAs), including small interfering RNAs (siRNAs), microRNAs (miRNAs), and piwi-interacting RNAs (piRNAs), have recently emerged as important regulators of gene expression at the post-transcriptional or translation level. Significant progress has recently been made utilizing small RNAs in elucidating the molecular mechanisms regulating spermatogenesis. Spermatogenesis is a complex process that involves the division and eventual differentiation of spermatogonial stem cells into mature spermatozoa. The process of spermatogenesis is composed of several phases: mitotic proliferation of spermatogonia to produce spermatocytes; two meiotic divisions of spermatocytes to generate haploid round spermatids; and spermiogenesis, the final phase that involves the maturation of early-round spermatids into elongated mature spermatids. A number of miRNAs are expressed abundantly in male germ cells throughout spermatogenesis, while piRNAs are only present in pachytene spermatocytes and round spermatids. In this review, we first address the synthesis, mechanisms of action, and functions of siRNA, miRNA, and piRNA, and then we focus on the recent advancements in defining the small RNAs in the regulation of spermatogenesis. Concerns pertaining to the use of siRNAs in exploring spermatogenesis mechanisms and open questions in miRNAs and piRNAs in this field are highlighted. The potential applications of small RNAs to male contraception and treatment for male infertility and testicular cancer are also discussed. Reproduction (2009) 137 901-911 q 2009 Society for Reproduction and Fertility Small RNAs controlling spermatogenesis 911 www.reproduction-online.org Reproduction (2009) 137 901-911
Introduction
Mammalian spermatogenesis begins with the selfrenewal and differentiation of spermatogonial stem cells (SSCs). In the rodent testis as illustrated in Fig. 1 , SSCs can divide into either new stem cells (A s spermatogonia) or type A paired (A pr ) spermatogonia that then produce the type A aligned (A al ) spermatogonia (de Rooij & Grootegoed 1998) . The A al spermatogonia, in turn, give rise to several generations of spermatogonia, including type A 1 -A 4 , intermediate, and type B spermatogonia (Fig. 1 ). Type B cells form primary spermatocytes followed by secondary spermatocytes, which eventually generate early and late spermatids ( Fig. 2 ; Bellvé et al. 1977) .
Small RNA molecules (small RNAs) are important because of their diverse biological functions as potent regulators of transcription, RNA stability, and translation (Plasterk 2006 ). An attractive new area for investigating the mechanisms by which spermatogenesis is regulated involves small RNAs that suppress gene expression, and a number of endogenous small RNAs have been identified in male germ cells throughout spermatogenesis. Classification of small RNAs (Table 1) is based upon their biogenesis, mechanisms of action, and functions (Tolia & Joshua-Tor 2007) , and there are three major small RNAs: small interfering RNA (siRNA); microRNA (miRNA); and piwi-interacting RNA (piRNA). Recent studies in various eukaryotes have shown that indeed these small RNAs play major roles in the control of gene expression.
The siRNA is a small (w21 nucleotides (nt) in length) double-stranded RNA (dsRNA), and a short hairpin RNA (shRNA) is a sequence of RNA that makes a tight hairpin turn and it can silence the expression of genes. RNA interference (RNAi) using siRNAs or shRNA has been demonstrated as a useful approach to effectively knock down the expression of a particular gene and analyze the effect that gene has on cellular function. siRNA has been used as an alternative to knocking out genes in mice. While the gene knockout approach is useful for clarifying the physiological roles of individual genes, it is laborious and costly compared to the gene knockdown approach using RNAi. In addition, it is rather hard to study the functions of a number of genes since gene knockout often results in lethal embryos or the death of newborn pups. miRNAs were identified as a different class of small (w22 nt in length) RNA molecules. Although the miRNAs first discovered in 1993 in Caenorhabditis elegans were found to regulate the expression of complementary mRNA (Lee et al. 1993 , Wightman et al. 1993 , it was only 8 years ago that miRNAs were identified in mammals (Lagos-Quintana et al. 2001) . Hundreds of miRNAs (672 in human and 599 in mice -miRBase Release 11.0, as of April, 2008, http://microrna. sanger.ac.uk/sequences/) have been discovered, and it is likely that w1000 miRNAs are present in each of the human and mouse genomes. miRNAs are highly conserved across species, and importantly, it has been estimated that miRNAs may regulate up to 30% of all genes in the human genome (Lewis et al. 2005) .
Another newly identified class of small RNAs is called piRNAs because these small RNAs interact with piwifamily proteins, such as MIWI, MIWI2, and MILI (Aravin et al. 2006 , Girard et al. 2006 , Grivna et al. 2006a . Piwi-family proteins refer to a group or family of proteins that have amino acid sequences, which are substantially identical to the native amino acid sequences in the piwi family, and they include PIWI, HIWI, MIWI, MIWI2, MILI, PRG-1, and PRG-2 proteins. Distinct from the siRNAs or miRNAs, piRNAs are w24-30 nt in length and they are present in pachytene spermatocytes and spermatids during spermatogenesis, and are required for germline development in both males and females (Klattenhoff & Theurkauf 2008) . Currently, there are 5!10 4 piRNAs that have already been discovered, and it is estimated that the total number of piRNAs is around 2!10 5 (Betel et al. 2007 ), suggesting that piRNAs may be essential for a broad range of biological processes (Klattenhoff & Theurkauf 2008) . Notably, a piRNA Bank containing the known piRNAs of human, mouse, and rat is now available from the website: http://pirnabank.ibab.ac.in.
Small RNAs (siRNAs, miRNAs, and piRNAs) have recently been used in elucidating the molecular mechanisms regulating spermatogenesis, in particular endogenous genes in germ cells that regulate the complex process of their renewal and/or differentiation. In this review, we focus on the significant roles of these three small RNAs in the regulation of spermatogenesis based on the work of our group and other laboratories. There is increasing evidence indicating that proper small RNA processing is essential for normal spermatogenesis and male fertility. For example, mice lacking Dicer, which is required for both siRNA and miRNA synthesis, have abnormal elongating spermatids and as a Figure 2 Schematic diagram of rodent spermatogenesis. Spermatogenesis is composed of three phases: the mitotic proliferation of spermatogonia; meiosis with its prolonged meiotic prophase and two reduction divisions (post-meiotic phase) that yield two secondary spermatocytes and then four haploid round spermatids; and spermiogenesis that culminates in the formation of spermatozoa. From Bellvé et al. (1977) with minor modifications. The A s spermatogonia are considered as the stem cells in the testis, while the A pr and A al spermatogonia are the progenitor cells. In this scheme, the A s , A pr , and A al are also considered morphologically undifferentiated spermatogonia, whereas type A 1-4 spermatogonia, intermediate (In) spermatogonia, and type B spermatogonia are differentiating spermatogonia. Modified from Huckins (1971) and Oakberg (1971). consequence acquire male infertility (Maatouk et al. 2008) . Moreover, studies on Drosophila Dicer1 mutants indicate that miRNAs are required for division of germline stem cells and for stem cells to bypass the G1/S checkpoint of the cell cycle (Hatfield et al. 2005) . Aberrant expression of small RNAs may lead to male infertility and testicular cancer. As a result, the small RNAs identified and yet to be uncovered could become novel attractive targets for male contraception as well as for gene therapy to alleviate male infertility and possibly cure testicular cancer. We present an overview of the synthesis, mechanisms of action, and functions of small RNAs, and then we highlight concerns pertaining to the use of siRNAs in exploring spermatogenesis mechanisms, and finally we review open questions in studies on miRNAs and piRNAs.
Synthesis, mechanisms of action, and functions of miRNA and piRNA Unlike siRNAs that are small exogenous dsRNA molecules, miRNAs emerged as a different class of short endogenous single-stranded RNAs. As illustrated in Fig. 3 , the biogenesis and action mechanism of miRNAs are a multi-step process: in the nucleus of the cells, the longer RNA molecules are processed by the ribonuclease Drosha to generate w70 nt shRNAs (also called precursor miRNAs, i.e. pre-miRNAs); the pre-miRNAs are then transported to the cytoplasm via an exportin-5-dependent mechanism (Yi et al. 2003 , Lund et al. 2004 ). In the cytoplasm of the cells, the RNase III enzyme (the Dicer) catalyzes the pre-miRNA to form mature miRNAs (Hutvagner et al. 2001 , Kim 2005 . The resulting mature miRNAs are incorporated Figure 3 A schematic diagram showing the biogenesis and action mechanism of miRNA in mammalian cells. In the nuclei, pre-miRNA is created by dsRNA-specific ribonuclease Drosha and then exported to the cytoplasm via an exportin-5 dependent mechanism. The pre-miRNA is catalyzed by Dicer (RNase III enzyme) to form the mature miRNA that is incorporated with the miRNA-induced silencing complex (miRISC). In the resulting complex of miRNA and miRISC, miRNA binds to the target mRNA via base pairing. If miRNA is completely complementary to the seed sequences of mRNA, the target mRNA is cleaved. If the miRNA is not completely complementary to the seed sequences of mRNA, the bound mRNA remains untranslated and results in translation suppression. The number of siRNAs corresponds to the number of genes, known or unknown, in rodents and humans and each gene can have many siRNAs targeting its various regions. Binding targets refer to the targets that small RNAs bind to, and, as an example, siRNAs can bind to gene transcripts (mRNA). The classification and modes of action of small RNAs are reviewed in Tolia & Joshua-Tor (2007) . NA, not applicable.
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into an effector called miRNA-induced silencing complex (miRISC) composed of Argonaute proteins that have RNase III activity (Martinez et al. 2002 . The Argonaute (Ago) family of proteins consists of two subclasses, the Ago subclass and the Piwi subclass. The Ago subclass interacts with miRNAs and the Piwi subclass interacts with piRNAs. It is believed that miRNAs act as crucial regulators for posttranscriptional gene silencing by base pairing with the 3 0 -UTRs of target mRNAs to form the RNA duplexes, which leads to endonucleolytic cleavage of the target mRNA (Lai 2002 , Carrington & Ambros 2003 . Also, there is another action mechanism by which miRNAs regulate gene expression: some miRNAs are suggested to inhibit mRNA translation directly , while other miRNAs inhibit the translation initiation through targeting of m 7 G-cap recognition (Mathonnet et al. 2007) . Importantly, it is now well known that miRNAs have critical functions in many diverse biological processes, including the regulation of stemness (Yi et al. 2008) , cell proliferation (Brennecke et al. 2003 , differentiation , Foshay & Gallicano 2009 , Yi et al. 2008 , apoptosis (Ambros 2003 , Xu et al. 2003 , and oncogenesis (Calin et al. 2002 , Esquela-Kerscher & Slack 2006 . Also miRNAs are involved in signaling pathways as illustrated by the Notch and epidermal growth factor (EGF)-signaling pathways regulated by different miRNAs (Lai et al. 2005 , Li & Carthew 2005 . Recent studies have identified another novel class of siRNAs called piRNA, which in males are expressed in mammalian testis during spermatogenesis (Aravin et al. 2006 , Girard et al. 2006 , Grivna et al. 2006a , Lau et al. 2006 . Both piRNAs and miRNAs are endogenous small RNAs, but piRNAs are distinct from miRNAs in their length and expression patterns in that piRNAs are expressed in pachytene spermatocytes and round spermatids (Grivna et al. 2006a) , while miRNAs are present in a variety of tissues and a number of cells at various developmental stages.
There are certain common features and some differences among siRNA, miRNAs, and piRNAs. The common features are that these three small RNAs have a strong preference for the 5 0 uridine and that they all negatively regulate gene expression, although piRNAs also seem to be able to positively control mRNA stability and translation (Lin 2007) . The major differences between the properties of these three small RNAs have been detailed in Table 1 .
In Drosophila, the repeat-associated siRNAs (rasiRNAs) have recently been identified (Vagin et al. 2006 , Gunawardane et al. 2007 ). The rasiRNAs can be defined as a piRNA or a subset of piRNAs, since they also bind to the Piwi subfamily proteins and their production is performed in a Dicer-independent manner (Brennecke et al. 2007 , Gunawardane et al. 2007 , Lin 2007 . Although the mechanisms of piRNAs production remain to be elucidated in mammals, a model for the biogenesis of piRNAs has been recently proposed in Drosophila (Brennecke et al. 2007 , Gunawardane et al. 2007 , Lin 2007 . As illustrated in Fig. 4 , it is likely that piRNAs are derived from either the repeated DNA sequence elements or complex DNA sequence elements (Brennecke et al. 2007 , Gunawardane et al. 2007 , Lin 2007 . piRNA master control loci of DNA are transcribed and exported from the nucleus to the nuage, an amorphous electron-dense cellular material found in germ cells. The Piwi subfamily Ago protein Argonaute 3 (Ago3) binds to sense-strand transcripts of piRNA to form an Ago3-piRNA complex that guides the slicer-mediated cleavage of target antisense-strand transcripts at an A:U bp, which generates the antisense piRNA precursors, which are a long and single-stranded transcripts with uracyl (U) at the 5 0 end (Brennecke et al. 2007 , Figure 4 A schematic diagram showing the biogenesis and action mechanism of piRNA in Drosophila. Argonaute 3 (Ago3) associates with mature sense-strand piRNA to form an Ago3-piRNA complex that cleaves antisense transcripts and produces antisense piRNA precursor. Aubergine (Aub) and piwi associate with antisense piRNA precursor to form a complex that guides the production of mature antisensestrand piRNAs. By contrast, Aub associates with mature antisense-strand piRNA to form an Aub-piRNA complex that cleaves sense transcripts and produces sense piRNA precursor. The sense piRNA precursor associates with Ago3 and forms a complex that guides the production of mature sense-strand piRNAs. piRNA binds to piwi proteins and forms a complex called piwiinteracting RNA complex (piRC) that regulates mRNA expression including gene silencing. Gunawardane et al. 2007 , Lin 2007 . Aubergine and Piwi associate with antisense piRNA precursor to form a complex that is catalyzed by the putative nucleases Squash and Zucchini to produce mature antisense-strand piRNAs (Brennecke et al. 2007 , Gunawardane et al. 2007 , Lin 2007 . By contrast, Aubergine (Aub) binds to antisense-strand transcripts of piRNA to form an Aub-piRNA complex. This complex guides the slicer-mediated cleavage of target sensestrand transcripts, which generates the sense piRNA precursors with an adenine (A) at nt 10. The sense piRNA precursors associate with Argonaute 3 and are trimmed to mature sense-strand piRNAs (Brennecke et al. 2007 , Gunawardane et al. 2007 , Lin 2007 .
As of yet, the mechanism of piRNA action(s) has not been well documented in mammals. One suggestion is that piRNAs and piwi proteins form a complex called piwi-interacting RNA complex (piRC) that triggers gene silencing (Lau et al. 2006) . This hypothesis is supported by the finding that piRC has been extracted and purified from mammalian testis (Lau et al. 2006) . piRNAs most likely have diverse functions, including repression of retrotransposons and post-transcriptional regulation including negative and positive regulations , Carmell et al. 2007 , Lin 2007 . However, miRNAs have no effect on the repression of retrotransposons in germ cells ), suggesting that miRNAs and their biogenesis have a distinct pathway different from piRNAs in suppressing retrotransposons and germ cell development.
The roles of small RNAs in the regulation of spermatogenesis
The synthesis and action mechanisms of siRNAs are composed of a series of steps that involve the generation of synthetic siRNAs by in vitro cleavage of long dsRNAs with RNase III endonuclease Dicer or by DNA-based vectors expressing shRNAs that are processed by Dicer into siRNAs (Fig. 5 ). After transfection of siRNA or shRNA to the cytoplasm, siRNAs are capable of recruiting a multienzyme complex called the RNAinduced silencing complex (RISC) that identifies and cleaves the complementary target mRNA (Plasterk 2002) . As a result, the targeted mRNA is degraded and protein synthesis is inhibited (Plasterk 2002) , reflecting that siRNAs are critical regulators of post-transcriptional gene silencing. The specific and robust inhibitory effects of RNAi on gene expression make it a valuable research tool in both cell culture and living organisms. In the past few years, the use of siRNA or shRNA has proven to be a powerful tool for knocking down the expression of specific genes in mammalian cells including male germ cells (Elbashir et al. 2002 , Plasterk 2002 , Oatley et al. 2006 , Braydich-Stolle et al. 2007 , He et al. 2007 , Oatley et al. 2007 ).
Recent advancements using small RNAs have shed light on gene regulation in spermatogenesis. RNAi technology utilizing siRNAs can effectively suppress the expression of specific genes of interest, and the consequences after gene knockdown have been summarized in Table 2 . This is exemplified by our recent demonstration that GFRA1 silencing by Gfra1 siRNAs leads to a switch from renewal to differentiation of mouse SSCs into A 1 -A 4 spermatogonia, an initial step of mouse spermatogenesis (He et al. 2007) . Nodal knockdown by Nodal siRNAs results in a marked increase in cell apoptosis and a reduction in cell division of mouse SSCs (unpublished observations). Likewise, our group employed siRNAs against Src family kinases and defined the role of the GDNF-signaling pathway in proliferation of mouse SSCs (Braydich-Stolle et al. 2007 ). In addition, siRNA was utilized to suppress the transcription of B cell CLL/lymphoma 6 member B (Bcl6b), Ets-related molecule (Erm), and LIM homeobox 1 (Lhx1) identifying these transcription factors as crucial regulators for SSC self-renewal in vitro (Oatley et al. 2006 (Oatley et al. , 2007 .
In somatic Sertoli cells, knockdown of Pard6a or Par3 by their respective siRNAs causes a decrease in expression of the blood-testis barrier (BTB)-associated proteins and demonstrates the role of the Par3/Pard6abased polarity complex in BTB restructuring during spermatogenesis . Suppression of beta1-integrin by RNAi in Sertoli cells results in occludin redistribution at the Sertoli-Sertoli cell interface and BTB destabilizing (Yan et al. 2008) . In an in vivo study, mice treated with siRNA targeted against androgen receptor resulted in reduced expression of FGF2 and . Collectively, these studies illustrate that RNAi technology using siRNAs is an effective approach in exploring the function of specific genes in the regulation of spermatogenesis.
Generating expression profiles of miRNAs in male germ cells is a prerequisite for a thorough understanding of their roles in regulating spermatogenesis. Although the functions of miRNAs in the development of male germ cells are still largely unknown, expression profiling studies have identified a number of miRNAs that are enriched in the mammalian testis (Yu et al. 2005 , Ro et al. 2007 , including a number of miRNAs that are expressed preferentially in mouse male germ cells, including spermatogonia, pachytene spermatocytes, spermatids, and spermatozoa (Ro et al. 2007) , as well as a suite of novel miRNAs in human spermatozoa (Ostermeier et al. 2005) . These observations suggest that miRNAs are likely involved in the regulation of gene expression during mitotic, meiotic, and post-meiotic stages of spermatogenesis. The expression profiling of interesting miRNAs in testis has been outlined in Table 3 . Specifically, Mir122a is predominately expressed in late-stage male germ cells and it represses the transcription of transition protein 2 (Yu et al. 2005) , a marker for round spermatids, suggesting that Mir122a functions in post-meiotic germ cells. Translin (also known as testis-brain RNA-binding protein) has recently been demonstrated to bind to Mir122a and thus increases the in vivo stability of Mir122a (Yu & Hecht 2008) . The expression of Mirn34b is much higher in adult testis compared to the prepuberal testis (Barad et al. 2004) , indicating that Mirn34b plays a potential role in the differentiation of male germ cells. Bcl6b, B cell CLL/lymphoma 6 member B; Gfra1, glial cell line-derived neurotrophic factor family receptor alpha 1; Erm, Ets-related molecule; Lhx1, LIM homeobox 1; SSCs, spermatogonial stem cells. In an in vivo study, the FGF2-transgenic mice were injected i.p. daily with siRNAs against androgen receptor to suppress androgen receptor expression. In the in vitro studies, siRNAs against Bcl6b, Src family kinase, Gfra1, Erm, and Lhx1 were transfected to male germ cells, and siRNAs against Pard6a, Par3, and beta-1 integrin were transfected to somatic Sertoli cells to silence their expression. Table 3 An overview of expression profiles of microRNAs (miRNAs) and piwi-interacting RNAs (piRNAs) in testis.
Starting material Main results References
Prepubertal and adult mouse testis Mirn34b expression is much higher in adult mouse testis than that in prepubertal mouse testis Barad et al. (2004) Aravin et al. (2006) Mouse testis at different developmental stages piRNAs are detected at 14 dpp and become abundant at 17-18 days, but lost before mature sperm production Girard et al. (2006) Mouse Mili C/K testis at different developmental stages piRNAs are only detected in mouse Mili C/K testis at 22 or 24 dpp, but not at 16 dpp Grivna et al. (2006b) PSc, pachytene spermatocytes; Rsp, round spermatids; Esp, elongating spermatids; dpp, days post partum.
Notably, it has recently been demonstrated that miRNA-17-92 cluster and Mirn290-295 cluster are most abundantly expressed in mouse 'spermatogonia' obtained from neonatal mice and then cultured for 3 days, suggesting that these two miRNA clusters play potential roles in regulating proliferation and/or early differentiation of SSCs during spermatogenesis ). Furthermore, elongating spermatids exhibit abnormal morphology and motility, and consequently, male infertility occurs in the Dicer1-knockout mice, indicating that both Dicer1 and miRNAs play crucial roles in proper differentiation during spermatogenesis (Maatouk et al. 2008) . Using a novel tissue-specific RNAi approach that mimics the principle by which endogenous miRNAs are made, Rao et al. (2006) demonstrated that the Wilms' tumor 1 (WT1) transcription factor plays an essential role in the control of germ cell survival and spermatogenesis. WT1 knockdown mice suffered from increased germ cell apoptosis, a loss of the adherens junction complex between germ cells and Sertoli cells, and impaired fertility. Together, these studies further indicate that normal miRNA biogenesis is required for proper spermatogenesis.
The roles of piRNAs in spermatogenesis are supported by the known functions of their partner, the Piwi proteins. Accumulating evidence indicate that the piwi subfamily proteins, including MIWI, MIWI2, and MILI, are required for stem cell self-renewal and the development of male germ cells in invertebrates (Cox et al. 1998 , Reddien et al. 2005 , Aravin et al. 2006 , Klattenhoff & Theurkauf 2008 . In mammals, MIWI, MIWI2, and MILI proteins are expressed in mid-and late-stage germ cells and are essential for mouse spermatogenesis (Deng & Lin 2002 , Kuramochi-Miyagawa et al. 2004 , Carmell et al. 2007 . The MIWI protein is present in the cytoplasm of spermatocytes as well as in the chromatoid body and cytoplasm of round spermatids, and more importantly, MIWI associates with piRNAs in the translation machinery and mRNA stability (Grivna et al. 2006b ). Notably, spermatogenesis is arrested at the pachytene spermatocyte stage in Mili-knockout mice (Kuramochi-Miyagawa et al. 2004 ) and at the round spermatid stage without elongated spermatids or mature spermatozoa production in Miwi-deficient mice (Deng & Lin 2002) , while Miwi2-deficient mice display a defect in the early prophase of meiosis I and a marked and progressive loss of germ cells with age (Carmell et al. 2007 ). Thus, it is likely that piRNAs, the partners of piwi subfamily proteins, are potentially involved in regulating the processes of meiosis and post-meiosis of male germ cell development. This view is supported by the fact that piRNAs are expressed in male germ cells, particularly pachytene spermatocytes and round spermatids as summarized in Table 3 (Aravin et al. 2006 , Girard et al. 2006 , Grivna et al. 2006a , and they play a role in repression of retrotransposons during spermatogenesis , Carmell et al. 2007 ). In addition, the small non-coding RNAs Nct1 and Nct2 have recently been suggested to be piRNA precursors and they are expressed predominantly in pachytene spermatocytes (Iguchi et al. 2007 , Xu et al. 2008 , which also suggests a role of piRNAs in the regulation of the meiotic stage in spermatogenesis. However, Nct1/2-deficient mice display a decrease in a small cluster of piRNAs (e.g. antisense LINE 1-related repeat sequence piRNA) in chromosome 2, but does not affect mouse spermatogenesis or fertility, suggesting that these piRNAs on chromosome 2 are necessary to maintain transposon silencing (Xu et al. 2008 ).
In addition, another novel class of small RNAs has recently been identified after sequencing 1111 clones of small RNAs from mouse testis in that their sequences and genome mapping data do not match those of any previously described small RNAs (Watanabe et al. 2006) . Since these small RNAs are expressed only in mouse male germ cells, this class of small RNAs is named germline small RNAs (gsRNAs; Watanabe et al. 2006) . gsRNAs have distinct features compared to other small RNAs: i) the mean length of gsRNAs is longer than miRNAs and siRNAs; ii) gsRNAs have a strand bias unlinked to a stem-loop structure. gsRNAs are restricted to the period from pachytene spermatocytes to round spermatids (Watanabe et al. 2006 ). This specific expression pattern would suggest specific roles of gsRNAs in the meiotic and post-meiotic phases of spermatogenesis. However, the biogenesis, mechanisms, and the functions of gsRNAs are still unclear.
Potential applications of small RNAs to male contraception and treatment for male infertility and testicular cancer
There are three main applications for RNAi using siRNAs: i) basic research -to further examine the potential roles of specific genes and signaling pathways in the regulation of spermatogenesis; ii) male contraception -RNAi can be used as an effective tool to develop new approaches for male contraception. Recently, RNAi in vivo has been demonstrated to work effectively in male germ cells during mitosis and meiosis as well as in haploid cells (Shoji et al. 2005) . Thus, male contraception may be achieved by injecting directly into the testis synthetic siRNAs or shRNAs to knock down the expression of genes that are required for normal spermatogenesis. iii) Gene therapy for male infertility by RNAi use in vivo -it is necessary to diminish expression of diseased genes. Notably, a number of genes, e.g. clusterin, Aard, Akr1b3, Defb19, Itga6, Itgb1, Maged2, Rbm3, and Vim, have been shown to be upregulated in mouse models of male infertility as we summarized in a previous review (He et al. 2006 ). Therefore, it is possible to suppress expression of Small RNAs controlling spermatogenesis diseased gene transcripts among the upregulated genes in vivo by injecting siRNAs or using a DNA vector expressing shRNAs and determine whether the sterility of mice can be rescued after RNAi.
Given that miRNAs and piRNAs play potentially important roles in spermatogenesis, inhibitors that antagonize these small RNAs also may be used as future male contraceptives. One important advantage of using inhibitors for miRNAs and piRNAs as an approach for male contraception is that there would most likely be fewer side effects, since a number of miRNAs and piRNAs are expressed exclusively in testis but not in other tissues, and more importantly, piRNAs are expressed only in male mid-and late-stage germ cells (Aravin et al. 2006 , Girard et al. 2006 , Grivna et al. 2006a . It has been demonstrated that potent miRNAs inhibitors, the complementary oligos with miRNAs such as antagomir, can effectively suppress the expression of targeted miRNAs via specific binding (Krutzfeldt et al. 2005 (Krutzfeldt et al. , 2007 . In addition, interference of the biogenesis of miRNAs may be used as an approach for male contraception as evidence by the fact that impaired miRNA processing (e.g. the depletion of Dicer1) results in mouse male infertility (Maatouk et al. 2008 , Otsuka et al. 2008 . Since there is high conservation in miRNAs between human and mice, the knowledge derived from mouse miRNAs in male infertility should be applicable to humans. miRNAs may also play roles in carcinogenesis of human testicular cancer. Especially, noted are Mirn322 and Mirn323 that are suggested to be potential novel oncogenes participating in the development of human testicular germ cell tumors (GCTs; Voorhoeve et al. 2006 Voorhoeve et al. , 2007 . In a genetic screen for miRNAs that cooperate with oncogenes in cellular transformation, MIRNA372 and MIRNA373 were demonstrated to be possible oncogenes that are involved in the development of human testicular GCTs (Voorhoeve et al. 2006) . Differential expression patterns of 156 miRNAs in a series of type II and III testicular GCTs have been uncovered using a quantitative PCR-based approach , and it is highly informative for distinguishing type II and III GCTs. Thus, to uncover the differential expression profiling of all miRNAs between human testicular cancer and normal men may have prognostic value and may provide novel molecular signatures for the diagnosis, prevention, and eventually gene therapy of human testicular cancer. In addition, the dead-end (Dnd1) gene was shown to be essential for maintaining the viability of male germ cells, and Dnd1deficient mice exhibit loss of germ cells and testicular GCTs (Youngren et al. 2005) . The Dnd1-encoded protein DND1 interacts with APOBEC3 and binds to mRNA to inhibit miRNA-mediated repression of mRNA, which is suggested to be one mechanism for preventing GCT development (Bhattacharya et al. 2008) .
Concerns pertaining to the use of siRNA and open questions for miRNAs and piRNAs research on spermatogenesis mechanisms
A key to a successful RNAi study is closely related to a high transfection efficiency of the siRNAs, and this depends on the cell type and the transfection reagents used. Lipofectamine 2000, which was originally developed for the delivery of plasmid DNA, has been shown to work effectively with siRNAs (Bonetta 2005) . In an in vitro study, Brinster et al. used Lipofectamine 2000 to transfect siRNAs against Bcl6b, Erm, and Lhx1 to mouse SSCs, and they got 52-87% of decrease in these gene transcripts as measured by quantitative RT-PCR (Oatley et al. 2007) . We showed that siRNAs against Gfra1 could be efficiently transfected into type A spermatogonia using Lipofectamine 2000, as shown by a high uptake of the BLOCK-iT fluorescent oligo, whose fluorescent signal correlates with the delivery of active siRNAs (He et al. 2007) . In one in vivo study, DNA vectors expressing shRNAs were introduced into mouse testes via DNA injection and electroporation, and more than 80% of mRNA reduction in the reporter gene EGFP and DsRed2 was observed in spermatogonia, spermatocytes, and round spermatids (Shoji et al. 2005) , suggesting that the electroporation approach is effective for silencing gene expression of spermatogenic cells in vivo. In another in vivo study, the FGF2-transgenic mice were injected intraperitoneously daily with 100 ml of solution of siRNAs against androgen receptor in isotonic saline solution, and 70% efficiency of androgen receptor protein depletion was obtained as assayed by western blots (Gonzalez-Herrera et al. 2006) , which illustrates that RNAi is feasible for suppressing gene expression of somatic cells in vivo. The major obstacle to achieving RNAi with longer dsRNAs in mammalian cells is that they cause non-specific mRNA degradation and a general shutdown of host cell protein synthesis. One of the solutions to this issue is to use siRNA with !23 nt to trigger specific gene silencing without causing an interferon response (Elbashir et al. 2002 , Heidel et al. 2004 . Sequence specific off-target effect is another concern for siRNA research. The confidence of the RNAi data can be obtained by individually transfecting two or more siRNAs targeting different sequences of the gene of interest. Also, proper controls are needed for every RNAi study, e.g. a negative control siRNA that is neither homologous to anything in the vertebrate transcriptome nor induces a stress response would be necessary for the control of non-specific effects of gene expression caused by siRNA delivery. Likewise, positive control siRNAs are needed to ensure that siRNAs are transfected efficiently and that the gene silencing system is working.
There are many interesting and important aspects to pursue in miRNA research on spermatogenesis mechanisms. The future directions of particular importance may include: i) to establish cell-and stagespecific expression profiling of miRNAs during mammalian spermatogenesis using miRNA microarray or real-time RT-PCR; for a small amount of starting material, it is possible to analyze the miRNA expression pattern in a single cell such as a stem cell by using a realtime PCR-based 220-plex miRNA expression profiling method (Chen et al. 2005 , Tang et al. 2006a ; ii) to explore the potential roles of miRNAs in regulating renewal versus differentiation of male germline stem cells during spermatogenesis; iii) to identify the regulatory gene targets by miRNAs in male germ cells and somatic cells; and iv) to unveil the potential roles of miRNAs in the testis carcinogenesis. Likewise, there are a number of questions that warrant further investigation on piRNAs. First, the action mechanisms by which piRNA silences gene expression need to be elucidated. Second, it is imperative to uncover the cell-specific expression profiling of piRNAs in male germ cells during mammalian spermatogenesis. In zebrafish ovaries, piRNAs are required for stem cell renewal during oogenesis (Klattenhoff & Theurkauf 2008) . A possible role for piRNA in mammalian SSC renewal remains unknown. Finally, and more importantly, to explore the potential roles of piRNAs in the meiotic and post-meiotic steps of germ-cell development and in the oncogenesis of GCTs. Overall, such studies mentioned above would provide novel insights into molecular mechanisms governing mammalian spermatogenesis and attractive targets for male contraception and eventually render gene therapy of male infertility and testicular cancer.
Conclusion
Recent advancements on small RNAs have revealed the biological significance of these molecules in the regulation of spermatogenesis. The use of siRNA technology for gene silencing and the understanding of the biogenesis, mechanisms of action, expression profiles, and functions of miRNAs and piRNAs have provided us with more and more insights into spermatogenesis regulated by small RNAs. The advancements made in the small RNAs-regulating spermatogenesis would be helpful for a better understanding of the etiology of male infertility and testicular cancer. To further explore the functions and the potential targets of small RNAs identified and yet to be unveiled and to establish a list of cell-and stage-specific distribution of these small RNAs in the testis would provide more insights into the molecular regulation of spermatogenesis, and may eventually lead to the development of novel male contraception and gene therapy for male infertility and testicular cancer.
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